Purpose Cleavage of the zygote during human reproduction is a key event of early embryonic development. The genetic events associated with idiopathic embryonic cleavage failure are not certain. Mutations in the tubulin beta 8 class VIII (TUBB8) gene have been reported to be associated with oocyte maturation, fertilization, and developmental arrest. Here, we aimed to assess the clinical and genetic characteristics of complete cleavage failure in fertilized eggs. Methods We have characterized a patient with a 9-year history of primary infertility in a non-consanguineous family from China. The patient presented complete cleavage failure in all two-pronuclear (2PN) fertilized oocytes after 2 cycles of in vitro fertilization (IVF). We performed Sanger sequencing of the TUBB8 gene in the patient, and further bioinformatics analysis to identify pathogenesis of gene. Results A novel homozygous mutation, c.322G > A (p.Glu108Lys), was detected, and this change was absent from 179 control subjects. Glutamic acid is highly conserved at this position, and replacement by lysine was predicted to be repelled by the α-tubulin positive region, disrupting the α-β tubulin interaction. Conclusions Our findings presented a homozygous mutation of TUBB8 associated with complete cleavage failure in fertilized eggs and provided new data for the genotype-phenotype of TUBB8-related diseases.
Introduction
The formation and development of early embryos is a complex process and comprises of a series of programmed morphological changes that are regulated by complex molecular pathways. It includes penetration of a mature oocyte (metaphase II [MII] oocyte) by a mature spermatozoa, oocyte activation, prevention of polyspermy, cytoskeletal rearrangements, resumption of meiosis, polar body extrusion, the formation of male and female pronuclei (two-pronuclear [2PN] zygote), pronuclear fusion, and the initiation of early embryonic cell cycles [1, 2] . The key stages are sperm-oocyte fusion and cleavage of the zygote, which involves several signaling pathways, such as Ca 2+ signaling [3] [4] [5] . As a means of assisted reproduction, the MII oocyte can be activated by intracytoplasmic sperm injection (ICSI), which involves directly injecting a single spermatozoon, allowing complete fertilization and the subsequent cleavage steps [6, 7] . However, there are some case reports of ICSI fertilization failure (MII arrest) and cleavage failure (2PN arrest) during in vitro fertilization (IVF) [8, 9] . Using artificial oocyte activation (AOA) to overcome the above phenomena has only resulted in partial success [8] [9] [10] .
A genetic defect in the tubulin beta 8 class VIII (TUBB8, Gene ID: 347688) gene has been shown to be responsible for oocyte maturation, fertilization, and early embryonic developmental arrest [11] [12] [13] [14] . This gene encodes a special β-tubulin isotype that is the major constituent of the oocyte and early embryo spindle and only exists in primates [11] . Heterozygous or de novo mutations in the TUBB8 gene are considered to primarily cause metaphase I (MI) arrest through dominantnegative effects, although some arrest during early embryonic development also occurs. However, homozygous or compound heterozygous mutations may result in fertilization failure (MII arrest) and early embryonic developmental arrest [13] .
In this study, we present a patient with complete cleavage failure in all 2PN fertilized oocytes and a novel mutation in the TUBB8 gene. Using molecular genetic analysis, this study provides additional evidence for the role of TUBB8 in 2PN arrest and advances our understanding of the genotypephenotype relationship of TUBB8 mutations. This is the first study to report complete cleavage failure in fertilized eggs for homozygous mutations in TUBB8.
Materials and methods

Case report
The patient was a 34-year-old woman with a 9-year history of primary infertility with regular menses since menarche at the age of 16. Her basic follicle-stimulating hormone (FSH), luteinizing hormone (LH), and estradiol (E2) levels were normal (6. The patient was a child of a non-consanguineous marriage, and her brother was not married (Fig. 1a) . A control population of 179 unrelated Chinese volunteers with normal fertility was recruited. Written informed consent was obtained from all subjects. The study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of our hospital.
Mutation detection and bioinformatics analysis
Mutation detection in the TUBB8 gene was completed by Sanger sequencing of polymerase chain reaction (PCR) products of all four exons and flanking intronic regions using specific primers in the patient and controls. The mutation was named according to the Human Genome Variation Society (HGVS) standard (http://www.hgvs.org/mutnomen/) with + 1 corresponding to the A of the ATG translation initiation codon of the GenBank cDNA sequence NM_177987.
CLUSTAL X (1.81) [15] was used to compare the human TUBB8 amino acid sequence (Homo sapiens Uniprot ID Q3ZCM7) with six primate species (Pan troglodytes, Pan paniscus, Gorilla gorilla, Papio hamadryas, Papio anubis and Macaca fascicularis). Effects of the sequence variant were predicted using PolyPhen-2 (http://genetics.bwh.harvard.edu/ pph2/), Mutation Taster (http://www.mutationtaster.org/), and SIFT (http://sift.jcvi.org/). And the database of the Exome Aggregation Consortium (ExAC) browser (http://exac. broadinstitute.org/) was used to search the allele frequencies of the variant. Due to the high homology (sequence identity > 90%) with TUBB8, the high-resolution cryo-EM structure of a microtubule (PDB ID: 3JAS) [16] was used to analyze the effect of the mutation. The E108K structure was constructed based on 3JAS by selecting a proper rotamer of lysine using the PyMOL mutagenesis module (www.pymol.org).
Results
Due to years of infertility, ICSI was performed on the patient (II:2) (Fig. 1a) . Human chorionic gonadotropin (hCG) was administered 40 h before ICSI was performed. In the first attempt, a total of 17 oocytes were retrieved, of which 12 were in MII and suitable for ICSI. Of these oocytes, only 7 could be fertilized (6 in 2PN, 1 in single pronucleus [1PN], fertilization rate was 58.3%), but none of the zygotes exhibited cleavage. There were no available embryos for transfer. In the second round, 14 oocytes were retrieved. ICSI was performed on 10 oocytes, of which 7 were successfully fertilized (fertilization rate was 70.0%). However, as in the first cycle, the pronuclei of these zygotes disappeared, and no cleavage was observed on days 2 and 3 ( Table 1) (Fig. 1b) . Phenotypes of oocytes and embryos from a normal individual and patient with TUBB8 mutation examined by light microscopy. Upper panel, the morphology of an MII oocyte (on day 0), fertilized oocyte with two pronuclei (arrow, on day 1), four-cell stage (on day 2), and eight-cell stage (on day 3) from a normal individual. Bottom panel, the morphology of an MII oocyte (on day 0), fertilized oocyte with two pronuclei (arrow, on day 1), and cleavage failure (on days 2 and 3) from the patient. Scale bars in B: 50 μm. MII = metaphase II. c Partial forward nucleotide sequences of exon 4 in the TUBB8 gene. Left panel, the arrow points to the homozygous c.322G > A (p.Glu108Lys) mutation in the patient (II:2); the mutated codon is underlined. Right panel, the arrow points to the wild-type c.322G in a control sample; the wild-type codon is underlined Direct sequencing of both chromosomes in the patient (II:2) (Fig. 1a) revealed a novel homozygous mutation, c.322G > A (p.Glu108Lys), in exon 4 of the TUBB8 gene (Fig. 1c) . We further examined 179 healthy control subjects (358 alleles) and found that this variant was absent from our cohort (Fig. 1c) , suggesting that it might not be a benign polymorphism. In addition, this variant has been observed at very low frequency in ExAC database (minor allele frequency was 0.0003475 in East Asian). The computational programs SIFT, PolyPhen-2, and Mutation Taster predicted that the effect of this variant is deleterious, probably damaging and disease causing, respectively. Alignment of the TUBB8 protein across seven primate species showed that the glutamic acid at position 108 was highly conserved (Fig. 2a) . Based on the microtubule structure of the wild-type and mutant TUBB8, E108 is located at the interface of the α/β tubulin heterodimer and directly contributes to α-β tubulin interactions (Fig. 2b) . For the wild-type α/β tubulin heterodimer, negatively charged E108 forms favorable electrostatic interactions with a positive region consisting of α-tubulin R2, K163, and K164 (Fig. 2c) . However, once mutated to lysine, the positively charged K108 is repelled by the α-tubulin positive region, thus disrupting the α-β tubulin interaction (Fig. 2c) .
Discussion
To our knowledge, this is the first report to describe homozygous mutation of the TUBB8 gene in a patient with complete cleavage failure in fertilized eggs. So far, a total of 31 patients with 27 different mutations in TUBB8 have been identified (Table 2 ). According to this summary, TUBB8-related diseases are associated with the arrested development of human oocytes and early embryos, which had variant phenotypes, including MI arrest, MII arrest (fertilization failure), 2PN arrest (cleavage failure), and early embryonic development arrest (less than four-cell stage). Actually, more than half of these patients (18 cases) were diagnosed with MI arrest, four patients mainly showed early embryonic development arrest, and another eight patients were believed to be mixed arrest (Table 2 ) [17] . In our study, the patient displayed normal number of MII oocytes and marginal normal fertilization rates in two ICSI cycles which were 58.3 and 70%, respectively (normal range in ICSI 70-80% [18) but complete cleavage failure. However, it did not conform to fertilization failure which was defined as less than 5% fertilization rate [18] . To further exclude slightly decreased fertilization rates, mutation detection of the PLCZ1 gene which was believed to be responsible for het heterozygous mutation, homo homozygote mutation, com het compound heterozygote mutation, AD-pa autosomal dominant inheritance-paternal origin, AR autosomal recessive inheritance, IVF in vitro fertilization, ICSI intracytoplasmic sperm injection, GV germinal vesicle, MI metaphase I, MII metaphase II, PB1 the first polar body, NA data not available or without experimental data fertilization failure [19] was performed in her husband, but no damaging mutations were found (data not shown). Herein, 2PN arrest in this patient also further suggested that oocyte activation and the formation of male and female pronuclei had completed. Cleavage failure might be related to mistakes of the mitotic spindle from oocyte. TUBB8 was the first gene found to be associated with the arrest of human oocyte maturation. It encodes a β-tubulin isotype, uniquely expressing at different stages of human oocyte development and early embryos. β-tubulin combines with α-tubulin to form a heterodimer, which has an important role in spindle assembly [11] . TUBB8 is uniquely and abundantly expressed in human oocytes (germinal vesicle [GV], MI, MII) and during early embryonic development [11] . Mutant tubulin proteins may influence meiosis [11] and mitosis, resulting in failures of first or second polar body extrusion or zygote cleavage, manifesting as MI arrest, MII arrest, or 2PN arrest, respectively. Our study identified a novel missense mutation, c.322G > A (p.Glu108Lys) in a patient with primary infertility due to cleavage failure. This mutation is located at the interface of the α/β tubulin heterodimer and is predicted to directly disrupt α-β tubulin interactions (Fig. 2b) due to a change in charge (Fig. 2c) . And according to the 2015 ACMG Standards and Guidelines [20] , this novel mutation could be classified as likely pathogenic. There are three known inheritance patterns of TUBB8-related diseases, including AD-pa (autosomal dominant inheritance-paternal origin), AR (autosomal recessive inheritance), and de novo mutations (Table 2) . Only five patients were identified to have the autosomal recessive inheritance pattern for the TUBB8 gene (Table 2 ). Based on these previous studies [12, 13] , it seemed that homozygous and compound heterozygous missense mutations would not prevent the MI oocyte from extruding the first polar body completely. Strikingly, however, our patient with the homozygous TUBB8 mutation showed a satisfactory number of MII oocytes that could be fertilized, but the cleavage rate was unsatisfactory. Due to no genetic data available for the deceased father and the out-of-town mother, we speculated that the homozygous p.Glu108Lys mutation might affect female fertility due to a haploinsufficiency effect, similar to other homozygote reports [13] . As far as we know, microtubules were condensed around the mitotic spindle of the prometaphase; α-tubulin gradually gathered to form a network structure [13] . It indicated that microtubule defects caused by this mutation could result in irregular arrangements of the spindles and obstruct the first mitotic division after fertility in human early embryo [21, 22] . Meanwhile, due to lack of the observation of morphokinetics of embryo growth by time-lapse monitoring, it was not excluded that irregular arrangements of the spindles had caused incomplete separation of blastomeres and type II reverse cleavage during the first mitotic division [23] . As shown in Table 2 , the different mutations in the TUBB8-related diseases resulted in the diversity of oocyte and embryonic development arrest, which indicated that different kinds of defective spindle microtubules might impair multiple pathways up/downstream required for oocyte maturation, fertilization, cleavage, and embryonic development.
Some previous studies indicated that calcium could participate in early embryonic mitotic division [24] [25] [26] [27] . And cleavage failure was reported in four other cases, for which artificial oocyte activation (AOA, A23187 Ca 2+ ionophore) was able to overcome the problem successfully [8] . This technique would be likely to work well on our patient, since modestly elevated Ca 2+ promoted the breakdown of spindle microtubules and by the mechanism modulated chromosome move to the spindle poles [24] . Unfortunately, due to economic factors, our patient did not try another ART cycle with AOA. So it is not clear whether AOA could overcome the cleavage failure in our patient with TUBB8 gene mutation.
In conclusion, we report a novel mutation in the TUBB8 gene in a cleavage failure patient. This mutation demonstrated that the TUBB8 protein has an important function in zygote cleavage. This case demonstrates the need to be aware of genetic factors in the arrest of meiosis and mitosis in human oocytes, zygotes, and early embryos, especially in extreme cases of repeat failure in ART. This case also illustrates the importance of screening for mutations in the TUBB8 gene in patients undergoing IVF.
